We explore screening effects arising from a relativistic magnetized plasma with applications to Big Bang nucleosynthesis (BBN). The screening potential which depends on the thermodynamics of charged particles in the plasma is altered by the magnetic field. We focus on the impact of screening on the electron capture interaction. Taking into account the correction in BBN arising from a homogeneous primordial magnetic field (PMF), we constrain the epoch at which the PMF was generated and its strength during BBN. Considering such screening corrections to the electron capture rates and using up-to-date observations of primordial elemental abundances, we also discuss the possibility of solving the problem of under-estimation of the deuterium abundance. We find for certain values of the PMF strength predicted D and 4 He abundances are both consistent with the observational constraints.
I. INTRODUCTION
Big Bang nucleosynthesis (BBN) is one of the three key pieces of evidence of the hot big bang model, providing a robust tool in order to probe the physics of the early Universe. Theoretical calculations of light element abundances (namely, D, 4 He and 7 Li) in the standard BBN (SBBN) model are well-characterized [1] [2] [3] . Although there is a long-standing problem with the SBBN prediction of the primordial 7 Li abundance, which is 4 times higher than the observations [4] [5] [6] , the deuterium and 4 He observations now have reached an accuracy on the order of a percent, consistent with theoretical predictions.
The SBBN model has three parameters: the effective neutrino number, N ν , the neutron lifetime, τ n , and the baryon to photon ratio (the baryonic density) of the Universe, η.
All these three parameters have been fairly well determined from experiments [7] [8] [9] and the analysis of cosmic microwave background (CMB) power spectrum analysis [10, 11] .
Therefore, the study of the thermonuclear reaction rates becomes significant. For deuterium, Coc et al. (2015) [7] re-evaluated the uncertainties of D production cross sections and obtained even smaller uncertainties in the D/H predictions. The theoretical uncertainty of the predicted of abundance of 4 He mainly arises from the uncertainty in the experimental value of the neutron lifetime [12] which includes the numerous corrections of the theoretical weak-interaction rates. Pitrou et al. (2019) [3] have investigated such corrections and successfully reached a precision of better than 0.1%.
Recently, charge screening from both ionized nuclei and electrons in relativistic electronpositron plasmas have been discussed and applied to the determination of thermonuclear reaction rates [13, 14] . This effect turned out to be negligible during the BBN epoch because the plasma is in a high temperature, low density state, and the distance between electrons or positrons and nuclei is so large that the screening effect on the Coulomb potential is not significant. However, at the epoch before weak decoupling, i.e., t < ∼ 1sec and kT > 1 MeV, the density is much higher compared with the later BBN epoch, and there is also a large number of electrons and positrons. The screening effect in a relativistic electron-positron plasma could affect weak interaction rates by changing the electron and positron energy distributions. Such screening corrections to the electron capture rates have been studied and applied to stellar nucleosynthesis [15] ; however, this approach is not suitable for the relativistic non-degenerate electron-positron plasma.
On the other hand, non-standard BBN models including extra physics such as the primordial magnetic field (PMF) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] have ever been studied, and a possible moderation of the cosmic lithium problem has been investigated [28] . Under a strong magnetic field, the weak reaction rates are affected since the charged-particle distribution functions are altered [19, 21, 26] . In addition, the energy density of the field affects the cosmic expansion rate [22, 23] , which has been considered as one of the most important effects of the PMF on BBN. The effects of the PMF on the cosmic expansion rate and temperature evolution during BBN come through the change in the momentum distribution function of electrons and positrons [25, 27] . A full formulation of the PMF effects on the cosmic expansion rate and the temperature evolution has been derived [20] , which shows primordial abundances of all light nuclei, i.e., D, 3, 4 He and 6, 7 Li, as a function of the PMF amplitude derived from a consistent numerical calculation taking into account changes in evolution of the electron chemical potential and the baryon-to-photon ratio induced by the PMF.
It has been found that a µG scale magnetic field exists in the Galaxy via the both Faraday rotation ( [29] and references therein) and Zeeman effect [30, 31] . Observations of intermediate and high redshift galaxies also indicate the existence of such large magnetic fields. The PMF is considered to be a seed of these Galactic magnetic fields which have amplified via the dynamo mechanism (see e.g., [27, 32, 33] for reviews). A rather large PMF is needed as a seed since only a short duration time is available for the amplification of the magnetic field [27, 32, 33] from formations of the observed galaxies until the epochs corresponding to their redshifts. The PMF is thought to be generated from cosmological inflation, phase transitions and/or astrophysical processes [34] [35] [36] [37] [38] [39] . Once the seed of magnetic field is generated, it is possible later on to be amplified via magneto-hydrodynamic (MHD) processes [40, 41] . Although the damping of the PMF was also studied previously [42] , this PMF is considered to be the seed of the Galactic magnetic field which was amplified via the dynamo mechanism. After the epoch of photon last scattering (z ∼ 1100), the CMB power spectrum provides us with an observable constraint on the energy density of the PMF [43] [44] [45] . Meanwhile, the primordial elemental abundances also can constrain the PMF strongly.
The PMF is studied at two epochs in the cosmic evolutionary history. The first is the PMF generated during the inflation and phase transition epoch. Since the horizon during the inflation and phase transition is much smaller than the typical length scale of the present-day PMF observation, a super-horizon PMF generated during inflation and (or) phase transition [46] [47] [48] is possible. This kind of magnetic field is "frozen-in" with the dominant fluids. A PMF on super-horizon scales during BBN effectively works as a homogeneous field. The other PMF is the inhomogeneous PMF generated at later epochs. In one model proposed by Dolgov and Grasso [38] , the smaller scale of the PMF fluctuations inside the co-moving horizon is expected to survive during the BBN epoch due to the local imbalance of lepton number. It is therefore possible to assume that the PMF energy density had an inhomogeneous distribution inside the horizon at BBN [28] .
In either case, it is important to derive a constraint on generation epoch of the magnetic field in order to clarify the origin of the PMF. At higher temperature, weak interactions play a leading role in the hot relativistic plasma. Previous studies of the PMF always neglected its impact on the weak interaction [16, 20] since the change of neutron fraction X n is as small as 0.01. However, the up-to-date BBN theoretical and observational constraints on primordial 4 He abundance have reached an accuracy of 10 −4 , and any change in X n larger than this amount is to be constrained carefully. In this paper, we consider two aspects of the impacts made by PMF on the weak interactions. On one hand, we investigate the impact on the weak interaction from PMF directly. On the other hand, by introducing weak-interaction screening corrections, we derive weak interaction rates in the presence of magnetic fields before and during BBN. This paper is organized as follows. In Section II, we explain the screening effect and its correction to the electron capture reaction. We also investigate the weak interaction properties under the background PMF. In Section III, we discuss how the PMF affects the prediction of primordial light element abundances and try to provide constraints in turn on the PMF. We give the conclusion in Section IV.
II. WEAK SCREENING CORRECTION OF THE ELECTRON CAPTURE RATE

A. Weak Screening Correction
In a hot plasma, the background charged particles can create a "screening" effect which reduces the Coulomb barrier between two fusion reactants by reducing the effective charge [14, 49] . The background charges include the surrounding electrons, positrons, and other nuclei. Classically, the electrostatic potential φ of a charge ze in the presence of a background charge density can be computed via the Poisson-Boltzmann equation:
where
is the net lepton number density, T and µ are the temperature and the chemical potential (1) to lowest order in potential φ, one obtains the solution as the familiar Yukawa potential:
For the relativistic electron-positron plasma, the corresponding Thomas-Fermi length can be calculated exactly to all orders from the Schwinger-Dyson equation for the photon propagator [14] . The characteristic length scale is:
where µ is the electron chemical potential.
Screening corrections to β-decay rates have been discussed previously [50] [51] [52] . The possible importance of the screening effects on the electron capture rates at extremely high densities have also been investigated. However, the plasma is not degenerate [15, 53] in the early Universe with a high density and temperature before the completion of the e + e − annihilation, and non-degenerate relativistic screening corrections to the electron capture have not been well studied. In the non-degenerate environments, the distance between particles is always much smaller than λ T F , therefore Eq. (3) can be expanded to the first order and compared with the Coulomb potential from bare nuclei. The correction to weak screening is shown to be:
In the early Universe, weak interactions play an important role in calculating the protonto-neutron ratio n/p. The predicted 4 He mass fraction Y p is mainly determined by 2n/(n + p) [54] at the epoch of weak decoupling. When the temperature of the Universe is higher than the mass difference between proton and neutron, q = m p − m n , neutrons and protons are indistinguishable via three main weak interactions:
The cross sections for weak interactions are calculated with the V-A interaction Hamiltonian [55] . For electron capture process, i.e., p + e − → n + ν e , the screening correction [Eq.
(5)] influences the cross section through a change in the Coulomb potential. The kinetic energies of electrons around protons are shifted due to screening. The electron capture rate on protons, Γ pe − →nνe , are:
where G F is the Fermi coupling constant, g V = 1.4146 × 10 −49 erg cm 3 and g A /g V ∼ −1.262, E ν is the neutrino energy, µ ν is the neutrino chemical potential, T γ and T ν represent the photon and neutrino temperatures respectively. The notation f F D ( ; µ,
is the Pauli blocking factor. The screening correction to the electron kinetic energy is given by = − ∆V . The rare three-body reaction, pe −ν e → n, is ignored.
B. Effect on the Weak Interactions Rates
We next consider magnetic field corrections to the weak interaction rates. Electrons and positrons are more sensitive to the background magnetic field than the charged baryons because of their smaller masses. The thermodynamics of e ± will be affected via Landau quantization, which has already been addressed in [17, 19, 56] . In the presence of a magnetic field, the electron (or positron) energy is given by
After summing over the electron spin, the phase space of electron thermodynamical functions changes to
where the Fermi-Dirac distribution function is one-dimensional. The transverse momenta are quantized, resulting in the sum in Eq. (9).
In Fig. 1 , we show the distribution as a function p z and n (i.e. phase space of electrons for each Landau level) for various magnetic fields. For weak magnetic fields, difference in the distribution function between two levels is negligible: each distribution approximately equals to the continuous Fermi-Dirac distribution without magnetic fields. For stronger magnetic fields, fermions will occupy lower Landau levels. It has also been pointed out that for strong magnetic field, it is possible to have pair production [57] , however we here neglect this possibility. Including the background magnetic field in the weak interaction rate calculation, Eq. (4) becomes
where γ is the ratio B/B c with the critical field B c defined as B c ≡ m 2 e /e = 4.41 × 10 13 G. Fig. 2 shows λ T F as a function of magnetic field strength for three values of temperature.
In the case of a weak magnetic field, B B c , λ T F does not significantly change. The change in the distribution functions for different Landau levels is small. For stronger magnetic field strength, B > ∼ B c , λ T F drops dramatically. Prior to BBN, i.e. T > ∼ 1 MeV, weak interaction rates can be strongly dependent on the magnetic field and the temperature. In this epoch λ T F is expected to be much smaller. One thus expects an increase of ∆V , altering the electron-capture rate. With the background magnetic field, it has been suggested [17, 19, 56] that the weak interaction rate itself also changes due to the Landau quantization. There has been some debate as to whether the weak rates increase or decrease as a result of the magnetic field [18, 19, 56] . We show here that the rate of the reaction n + ν e → p + e − decreases as magnetic field strength increases. However, the reaction n + e + → p +ν e shows the opposite trend and the summation of two results in a total weak interaction rate Γ n→p that is enhanced by the existence of the magnetic field (see Fig. 3 ). Rewriting Eq. (7) with the Fermi distribution given by Eq. (9) , we obtain the electron capture rate in a screened plasma:
In Fig. 4 , we show the weak screening correction of both the electron capture p+e − → n+ν e and the total p → n rate as a function of T 9 . The vertical axis represents the ratio between the interaction rates with and without the screening correction, where the magnetic field effect on the Fermi distribution is included. The weak screening correction increases the electron capture rate (upper panel). Therefore, the total weak reaction rate Γ p→n increases (lower panel) and finally leads to a higher neutron fraction (see Fig. 5 below) . For a strong B-field (purple line, γ = 100), the impact can be over 0.6% at T 9 ∼ 2. The change itself is small. However, considering the present-day Y p observation, any corrections which affect weak rates by O(10 −4 ) can be constrained by Y p abundance observations [3] , which suggests the possibility of using the weak screening correction to constrain the PMF since the weak interaction plays a leading role before BBN started. line corresponds to the n + e + → p +ν e rate; the dotted line is the n + ν e → p + e − rate; and the solid line is the total weak interaction rate Γ n→p . For the n → p + e − +ν e rate, we assumed a zero neutrino chemical potential so that this term can be neglected. Here the temperature is set as
III. CONSTRAINTS OF PRIMORDIAL MAGNETIC FIELD
In this section we consider contributions to the final element abundances arising from the weak screening correction of the electron capture rate. Adapting the Thomas-Fermi length formula of Eq. (4), the screening corrections are taken into account using Eq. (7) . We use a standard BBN nuclear reaction network code [58, 59] and have updated the reaction rates of nuclei with mass numbers A ≤ 10 using the JINA REACLIB Database [7, 60] . The neutron lifetime is taken as 880.2 ± 1.0 s, corresponding to the central value of the Particle Data Group [8] . The baryon-to-photon ratio η is taken to be η 10 ≡ η/10 −10 = (6.094 ± 0.063) The quantity Y p is effectively determined by 2n/(n + p) at the 4 He synthesis at t ∼ 180 s.
Therefore, the higher neutron fraction naturally leads to a higher 4 He mass fraction. We consider a constraint on generation epoch of the PMF. In this study, we employ the "frozen-in" PMF model, i.e., the PMF energy density decreases as ρ P M F ∝ 1/a 4 where a is the scale factor of the Universe. Current constraints on the PMF from light element abundance observations can only provide us with an upper limit of the field strength [17, 19, 20] . We have investigated three main effects from the PMF on the electron/positron thermodynamics, the time-temperature relation, and thermonuclear reaction rates [20] . The impact on the weak interaction rates are always neglected due to the large uncertainty of past Y p observations [20] . However, the updated observational constraint on primordial 4 He abundance is accurate to within 0.1%. is the temperature at which the PMF is generated. We only consider the PMF generated before the neutrino decoupling at T ∼ 1 MeV, and vertical axis is only shown above T 9 = 10 accordingly. We encoded the "frozen-in" PMF generated at different temperatures and then performed the BBN calculations. The shaded region on the right-upper part of the figures is ruled out by Y p observations Y p = (0.2449 ± 0.0040) [61] . Although the 4 He abundance is sensitive to the n/p ratio, for the lately (T 9 < 15) generated PMF the constraint is weaker since the weak reaction rates drop quickly when temperature decreases. Thus, such a PMF cannot alter Y p as significantly as the early generated PMF, which means one can introduce a stronger PMF at later times without changing the calculated 4 He abundance.
The enhancement of weak interaction rates induces a tighter constraint on the PMF. The weak screening correction to fusion reactions does not make a significant change in BBN due to the low electron-positron density at the BBN epoch.
In Fig. 6 , all effects from the PMF summarized in Ref. [20] have been taken into account (shown in the dark gray region). A more accurate constraint on the B field based on the consideration of the weak interaction rate enhancements via the PMF is shown by the light gray region. It is clearly seen that such effects can provide a narrower constraint on the PMF strength. Because weak interactions decouple at T ∼ 0.8 MeV, the PMF generated well before this epoch plays an important role in determining the light element abundances.
According to Fig. 4 , the screening corrections can increased with increasing magnetic field. This is also taken into account and indicated by a blue line.
Recent high-accuracy BBN calculations suggest an underproduction of D for η 10 = 6.10 when compared to the mean value of the D observation, i.e., D/H= (2.527 ± 0.03) × 10 −5 [62] . We also consider the solution of such discrepancy from the standpoint of modifications of weak and fusion reactions by the PMF. We have already shown that the 4 He abundance constraint allows a PMF with γ < 0.58. Moreover, if we also take into account the D/H constraint, the recent observations can actually give us the possibility to solve the discrepancy by PMF since D/H and 4 He abundances will be enlarged when PMF is included [16, 17, 20] .
In Fig. 7 The light gray shaded region is excluded if the modification of weak reaction rates by the magnetic field is taken into account. The dark gray region is excluded by prior work [16, 20] , in their study the PMF impacts on weak interaction are ignored. The constraint from the screening correction of weak reaction rates is shown by the blue line. This constraint is negligible since the density of electrons and positrons during the BBN epoch is low. Here the γ value of the PMF is taken at T 9 = 10.
IV. CONCLUSIONS
In this paper, we investigated weak screening corrections from the PMF and the impact of these corrections on the electron capture rate. The lowest-order screening effect is to shift kinetic energies of electrons and positrons. We first explored the impact from such corrections on the BBN, and found an enhancement of the 4 He abundance by a factor of O(10 −4 ). Then, we considered the configuration with a background PMF in which the elec- the existence of an external magnetic field, the weak screening correction can enhance the electron capture rate by a factor of O(10 −3 ). Such effects on the electron capture rate can be negligible due to the low density at BBN epoch.
We show that the magnetic field results in a reduction of the rate for the reaction n+ν e → p + e − while the rate for the n + e + → p +ν e reaction is increased. The net rate Γ n→p turns out to be enhanced by the magnetic field effects. We conclude that such an enhancement of weak reaction rates from the background PMF should be taken into account since the accuracy of present-day theoretical calculations requires detailed treatments of any change of weak reaction rate larger than 0.1%.
Finally, the generation epoch of a "frozen in" PMF has been constrained. The 'deuterium problem' -the D/H under production in BBN calculations -could be solved by including effects of the PMF. Taking into account the enhancement of weak reaction rates, we find an
